INTRODUCTION
Morphology provides the basis for systematic descriptions (MacLeod, 2002) . In the vast majority of systematic studies, organisms are first grouped based on their morphology and then compared to infer their relationships. This is also the starting point in molecular phylogenetics (Jensen, 2003) . The analysis of morphology is thus crucial to the study of phylogeny in both modern and ancient organisms (MacLeod, 2002) . However, since the advent of molecular biology and its exponentially increasing application to phylogenetic reconstruction, incongruencies between molecular and morphological phylogenies have frequently raised doubts about the possibility of recovering a phylogenetic signal in organismal form (Milinkovitch & Thewissen, 1997; Collard & Wood, 2000; Madsen et al., 2001; Gaubert & Veron, 2003; Koepfli et al., 2006) .
Examples of the dichotomy between form and molecules in phylogenetic inference can be found at every level of the taxonomic hierarchy. For example, strong molecular evidence from multiple genetic markers led to a profound reorganization of the metazoan classification, with the creation of two new major clades of Protostomia, the Ecdisozoa and Lophotrochozoa, and the disappearance of traditional groupings such as the Articulata, which consisted of the two major clades of segmented animals, the annelids and the arthropods (Halanych, 2004) . Among mammals, multiple mitochondrial and nuclear DNA sequences indicate two well-separated clades, the Afrotheria and the Laurasiatheria, that had not been found in previous analyses based on morphology (Springer et al., 1997; Stanhope et al., 1998; Madsen et al., 2001; Murphy et al., 2001; Kriegs et al., 2006) . Even among our closest relatives, the primates, morphology and molecules are not always in good agreement. In African apes, the study of hard tissue morphology has generally indicated a close relationship between chimps and gorillas, whereas molecular data overwhelmingly support a human-chimp clade (Pilbeam, 2000) . Similarly, the 'long-faced' baboons and mandrills closely resemble each other, especially compared to mangabeys, but molecular studies consistently indicate a sister group relationship between baboons and black mangabeys on the one hand, and mandrills and capped mangabeys on the other (Disotell, 2000) .
Molecular data are often considered to be more objective and rigorous than morphological data. DNA sequences contain four easily identified and mutually exclusive character states (Halanych, 2004) . In addition, genes distant enough to segregate independently provide gene trees that are independent assays of evolutionary relationships (Pilbeam, 2000) . Morphological characters are less easily defined and scored, and may belong to highly integrated structures, thus violating assumptions of independence in parsimony analyses. Regardless of whether or not this view is universally shared, the rapid increase in the amount of genetic information available for phylogenetic reconstruction and the improvement in the understanding of molecular processes suggest that DNA analysis will yield most of the answers about relationships among modern species.
This does not diminish the actual and potential utility of morphological characters for phylogenetic inference. By comparing different types of data, we can gain a better comprehension of how organisms evolve and understand what characters might be more conservative. In turn, this could help to elucidate which characters are reliable indicators of phylogenetic relationships and which might tend to reflect ecological adaptation. Also, with the exception of very recent fossils (or subfossils), molecules are unlikely to be of direct help to palaeontologists in the reconstruction of the phylogeny of extinct organisms.
Thus, whether a phylogenetic signal can be recovered from morphology remains a central issue in palaeontology as well as more generally in evolutionary biology. Frequent investigations of this have been undertaken by cladists, through comparison of tree topologies from parsimony analyses of meristic morphological characters with molecular cladograms. However, morphological differences often occur across a continuous range of variation. Thus, measurements rather than character states need to be compared. This is the realm of morphometricians, many of whom are also interested in detecting the phylogenetic signal in their data. This notwithstanding, the majority of morphometric analyses are not aimed at directly inferring phylogenies. Instead, many morphometric descriptors are included and multivariate statistics used to test group differences and reconstruct similarity (phenetic) patterns, which are then interpreted on the basis of available phylogenies from independent datasets.
Landmark based morphometric methods for the geometric comparison of biological forms have been developed in the past two decades (Rohlf & Marcus, 1993; Adams, Slice & Rohlf, 2004; Slice, 2005) and have proved to be very powerful. One application has been the study of the phylogenetic relationships of modern and fossil species, with several authors suggesting that the greater accuracy and statistical power of geometric morphometric methods makes them particularly suitable for this task (Polly, 2001; Lockwood, Kimbel & Lynch, 2004) . Often, the results of geometric morphometric analyses, usually 'phenetic' in scope, are discussed in the context of known (usually molecular) phylogenies (Fadda & Corti, 2001; Rüber & Adams, 2001; Milne & O'Higgins, 2002; Singleton, 2002; Cardini, 2003; Guy et al., 2003; Cardini & O'Higgins, 2004; Cardini & O'Higgins, 2004; Lockwood et al., 2004) .
Less frequently, researchers have attempted to use geometric morphometrics to provide estimates of the magnitude of the phylogenetic signal in morphological data. Cole, Lele & Richtsmeier (2002) developed a bootstrap approach for measuring the uncertainty in morphometric trees compared with an available phylogeny. Using a relatively simple case study, a comparison of the facial skeleton of the four living genera of ateline monkeys, they found low congruence between the phenogram generated from facial measurements and a cladogram based on a variety of data (including genetics and behaviour), which they interpreted in terms of different rates of morphological evolution because of dietary adaptations. Caumul & Polly (2005) quantified the environmental and phylogenetic components of shape variation in crania, mandibles, and teeth of marmots using path analysis. A phylogenetic signal was recovered in all structures (5-15% of total variance), with crania and molars found to be the best predictors of phylogenetic relationships. They argued that the good phylogenetic performance of the cranium may be explained by its structural complexity, whereas the poor results obtained with the mandible might be related to the confounding effect of its greater ecophenotypic plasticity. Other studies used matrix correlations to provide a more direct way of estimating the strength of the phylogenetic signal. Polly (2001 Polly ( , 2003 , Nicola et al. (2003) , Monteiro & Dos Reis (2005) , and Macholán (2006) measured the correlation between matrices of shape distances and matrices of genetic distances; high correlations implied that the relative positions of species in the morphospace mirrored the pattern of (phylo-)genetic divergence, with significance calculated using permutation tests. Polly (2001 Polly ( , 2003 found a significant correlation between molar shape and divergence in cytochrome b gene sequences in both shrews and marmots, suggesting the potential of dental morphology as a proxy for phylogenetic divergence in phylogeographical reconstruction. Similarily, a large and significant correlation between genetic and morphological distances was found by Macholán (2006) in a study of molar shape variation in mice. In these studies, low environmental variance and high heritability might be an explanation for the effectiveness of teeth in recovering phylogenetic groups (Caumul & Polly, 2006) . By contrast, Nicola et al. (2003) and Monteiro & Dos Reis (2005) , in studies of cranial and mandibular variation in spiny rats, both failed to detect a strong phylogenetic signal. Monteiro & Dos Reis (2005) interpreted this outcome as a consequence of the complexity of interactions, morphogenetic rules, ecological phenomena, and stochastic or deterministic evolutionary forces that determine the overall shape of the mandible.
Such quantitative comparisons of shape differentiation and genetic divergence represent a fundamental step in understanding the dynamics of morphological evolution. By measuring the congruence between shape and gene differences, and by comparing the strength of the phylogenetic signal in different structures or among different groups, we can look for patterns that might be explained in terms of development or adaptation.
One stimulating area of potential research is the study of mosaic evolution in a phylogenetic context (Cole et al., 2002) because, within a group of related organisms, different structures or character complexes may have evolved under different scenarios (Cole et al., 2002; Polly, 2008) . However, despite a great interest in the modularity and integration of complex structures such as the mammal cranium (Goswami, 2006 ) and the rapid adoption of geometric morphometrics in evolutionary developmental biology (evo-devo), little work appears to have been done in the context of phylogenetic inference.
In some cladistic analyses, anatomical structures have been split into regions to test their performance in phylogenetic reconstructions. For example, Collard & Wood (2001) examined the ability of four regional skull character groups to recover the phylogeny of either hominoids or papionins. Linear measurements were coded into meristic characters, which were subjected to parsimony analysis. When the resulting morphological trees were compared with molecular cladograms, it was found that all sets of morphological characters were more or less equally unreliable for phylogenetic inference. This type of approach to the 'modular study' of the phylogenetic signal in morphological data is valuable but has some limitations when applied to the shape variables generated using geometric morphometrics. In particular, information is inevitably lost when continuous variation is coded into discrete character states (Caumul & Polly, 2006) . By contrast, methods for phylogenetic inferences that can be directly applied to shape variables can be used to demonstrate the potential of a geometric morphometric approach when quantifying the phylogenetic signal in different anatomical regions (Caumul & Polly, 2006) .
The present study, with a focus on one clade of mammals, the guenons (Primates, Cercopithecini), is the first to combine a 'hierarchical modular approach' similar to that used in evo-devo research on integration and modularity (Cheverud, 1995 (Cheverud, , 1996 Ackermann & Cheverud, 2000; Hallgímsson et al., 2004) with geometric morphometric data to investigate how much information on phylogeny is stored generally in the skull and more specifically in its functional and developmental modules (FDMs). A fundamental assumption in virtually all previous analyses that use geometric morphometrics within a phylogenetic framework is that a pre-existing phylogeny is available for the study taxa and that this estimate has been made without error. Thus, the study taxon was chosen not only because it is highly diverse (for ecology, size variation, number of species and distribution), but also because its phylogenetic relationships were clarified by a recent phylogenetic analysis on a large amount of molecular data (Tosi, Detwiler & Disotell, 2005) . The analysis by Tosi et al. (2005) is not only one of the most recent studies of guenon evolutionary relationships, but also is very comprehensive, sampling nearly all living guenon species. It is used here not as an 'absolute truth' but as the best proxy available to date, and one that for the most part mirrors previous phylogenetic analyses of the clade using chromosomal, morphological, behavioural, and acoustic data (Gautier, Vercauteren Drubbel & Deleporte, 2002) .
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FDMs were defined on the basis of structural identity (cranium versus mandible), mode of ossification (chondrocranium versus dermatocranium), and main sources of epigenetic influences (brain growth, masticatory muscles, teeth); 'epigenetics' is used here following the definition of Herring (1993: 472) : 'Sensu lato, epigenetics refers to the dynamic interaction between the genome and its environment and its study is the study of the mechanisms which effect ontogeny'. The FDMs used in the present study have also been employed in previous studies (Cheverud, 1995) and are applied here as a priori modules to assess whether any have a correlation with the molecular phylogeny that is greater than would be expected by chance alone. Thus, the first main goal of the study was to test the significance of the phylogenetic signal of FDMs and compare its magnitude across sets of FDMs. The second was to provide estimates of the reproducibility of phenetic and phylogenetic reconstructions of interspecific relationships based on FDMs, and to discuss scenarios of morphological evolution suggested by tree topologies.
MATERIAL AND METHODS

SAMPLE AND DATA COLLECTION
The sample comprised 1126 adult specimens of 15 species of Cercopithecini (Table 1) Three-dimensional coordinates of anatomical landmarks were directly collected by the same person on crania and mandibles using a 3D-digitizer (MicroScribe 3DX; Immersion Corporation). Landmarks were digitized only on the left side to avoid redundant information in symmetric structures. The set (configuration) of 86 landmarks used for the analysis is shown in Figure 1 . Definitions of landmarks are provided in Cardini, Jansson & Elton (2007) .
Landmarks on crania and mandibles were digitized separately. Three registration points were digitized on pieces of plasticine stuck on the two condyles and below the incisors of the mandible of each specimen. These landmarks were recorded twice: first, on the mandible articulated to the cranium (after the digitization of the cranial landmarks) and, then, on the disarticulated mandible (after the digitization of the mandibular landmarks). The three registration points were chosen in the form of a large triangle with distant vertices in order to minimize the measurement error relative to the size of the triangle. Data collected on the mandible were then aligned onto the same coordinate system as those collected on the cranium by applying a least-squares superimposition (see below) of the three points so that the rigid rotation derived from them applies to all landmark coordinates. Bespoke software written in Visual Basic (Jones, University of Calgary) was used in this respect. The three landmarks used for matching the cranium and mandible configurations were eventually discarded and only the 86 anatomical landmarks used in the analyses. Measurement error and estimates of a small number of missing landmarks (< 2% of all landmarks in 6.6% of specimens) were described in the Appendix and shown to have negligible effects on the analysis.
FUNCTIONAL AND DEVELOPMENTAL MODULES
Analyses were performed first using all landmarks and then using only those on particular FDMs. Every step of the analysis was repeated for each FDM. All analyses were performed with separate sexes due to the large degree of sexual dimorphism observed in guenons (Cardini & Elton, in press a).
FDMs were defined following Hallgrímsson et al. (2004) . These modules largely overlap with those of Cheverud (1995 Cheverud ( , 1996 and Ackermann & Cheverud (2000) . Thus, four sets of FDMs (Fig. 2) were identified using the following criteria:
1. All available information. This was the most inclusive dataset, which employed all 86 landmarks to describe the form of the skull, with the mandible articulated on the occlusal plane. 2. Structural identity (i.e. cranium versus mandible).
FDMs were here simply defined by being completely separate sets of bones. 3. Mode of ossification (Sperber, 2001 ) (i.e. chondrocranium versus dermatocranium). Much of the cranial base (most of the sphenoid, petrous portion of temporal, and the occipital bone) is formed by endochondral ossification. The remaining bones of the skull (face and cranial vault) all form by intramembranous ossification. (For brevity, the term 'cranial base' is used instead of the more appropriate but wordy 'chondrocranial portion of the cranial base' as a synonym of chondrocranium.) 4. Epigenetic effects on soft tissues and teeth (a). The dermatocranium can be divided into two main regions, the face and the cranial vault. The growth of the mammalian cranium is strongly influenced by the growth of the associated tissues, which, in turn, follow different patterns (Cheverud, 1995) . The face is subjected to the potentially integrative action of the stresses generated by mastication and continues to grow until adulthood under the influence of general somatic factors (Cheverud, 1995; Hallgrímsson et al., 2004) . The cranial vault is mostly influenced by the growth of the brain and completes its growth relatively early in postnatal life (Cheverud, 1995; Hallgrímsson et al., 2004) .
Thus, some lack of integration is expected between these two portions of the dermatocranium.
Epigenetic effects of soft tissues and teeth (b).
Regions of the face can be further subdivided based on the direct influence of either teeth or masticatory muscles. The muscular portion of the cranium consists of the zygomatic arch and temporal fossa, which are hypothesized to be mostly influenced by the attachments of the main masticatory muscles, the temporalis and masseter (Cheverud, 1995; Hallgrímsson et al., 2004) . The oral portion is composed of the regions of the skull surrounding the oral cavity and supporting the teeth, which are believed to be largely affected by the stress produced by mastication (Cheverud, 1995; Hallgríms-son et al., 2004) . In the mandible, the oral and muscular regions, respectively, correspond to the horizontal and vertical ramus. The former supports the teeth and develops only in their presence (Cheverud, 1996; Lieberman, Pilbeam & Wood, 1996) . The latter is the main area of insertion of muscles (temporalis on the coronoid process, masseter and medial pterygoid on the angular process, lateral pterygoid on the condyle), the action of which contributes to the development and maintenance of this region. The importance of muscle function and tooth growth for correct development of the muscular and oral regions of the skull are indicated by the severe bone anomalies in muscular dysgenesis mouse mutants (Herring, 1993) and the lack of alveolar process growth in the absence of teeth (Santana, Alvarez & Alabern, 1987; cited in Lieberman et al., 1996) .
The landmarks included in each FDM are shown in Table 2 . Four mandibular and five cranial landmarks were excluded from all analyses except that of the entire skull in order to reduce the weight of the numerous landmarks digitized on alveolar regions. The resulting configuration on teeth was virtually the same as in the analysis of baboon cranial variation by Frost et al. (2003) .
We called the approach used for identifying FDMs a 'hierachical modular approach' because modules defined by different criteria correspond to a hierarchy from the most general and complex (the skull) to the most specific and localized (regions of the face and regions of the mandible).
GEOMETRIC MORPHOMETRICS
Analyses were performed using geometric morphometrics (Bookstein, 1991; Dryden & Mardia, 1998; Zelditch et al., 2004) in the following computer programs: Morpheus (Slice, 1999) (Rohlf, 2003) , and NTSYSpc, version 2.2L (Rohlf, 2005) . The form of an organism (or its organs) was captured by the Cartesian coordinates of a threedimensional configuration of anatomical landmarks.
Differences in landmark coordinates due to the position of the specimens during the digitization process were removed, and size was standardized. This was achieved in the present study by optimally superim- 818 A. CARDINI and S. ELTON posing landmark configurations using generalized Procrustes analysis, which is based on a least-squares algorithm (Rohlf & Slice, 1990) . Centroid size (henceforth, simply called 'size', for brevity) is a measure of the dispersion of landmarks around their centroid and it is computed as the square root of the sum of squared distances of all landmarks from the centroid. The new Cartesian coordinates obtained after the superimposition are the shape coordinates used for statistical comparisons of individuals. The shape differences between landmark configurations of two individuals can be summarized by their Procrustes distance, which is approximately the square root of the sum of squared distances between pairs of corresponding landmarks.
STATISTICAL AND PHYLOGENETIC ANALYSES
Statistical analyses were performed using NTSYSpc (Rohlf, 2005) . Genetic distances were reconstructed using the topology of the phylogenetic tree of Tosi et al. (2005: 63;  fig. 3 ). Tree branches were proportional to the number of substitutions in the sequences of the approximately 9.3 kb fragment of X-chromosomal DNA used for inferring guenon phylogeny and could thus be used to build a matrix of pairwise genetic distances (COPH module of NTSYSpc, additive distances options). We assumed that genetic distances provided an accurate estimate of the true phylogenetic distances.
In the most recent taxonomic review of the Old World monkeys (Grubb et al., 2003) , Miopithecus was divided into two species, Miopithecus ogouensis and Miopithecus talapoin. However, these two allopatric populations are very similar and were classified in the same species, M. talapoin, until recently (Kingdon, 1997) . Miopithecus ogouensis was included in our analysis instead of M. talapoin, used by Tosi et al. (2005) for DNA sequencing. The error that this difference in taxonomic sampling might have introduced is negligible. This is because Miopithecus is the most distinctive guenon for skull morphology and the two species are very similar (Cardini & Elton, in press b) . Thus, using one or the other did not produce any appreciable difference. Miopithecus ogouensis was chosen because a larger sample of skulls was available in museum collections.
Specimens were Procrustes superimposed (one species at a time) and mean shapes computed for each species. The 15 species mean shapes that resulted were themselves superimposed and pairwise Procrustes distances computed. This was carried out for each FDM. To estimate the magnitude of the phylogenetic signal in a FDM, we computed the correlation between the matrix of mean shape Procrustes distances and the matrix of genetic distances. A Mantel test with 25 000 random permutations was used for testing the significance of a matrix correlation. This procedure is performed by randomly permuting rows and associated columns of one matrix, then calculating the correlation between the original and the permuted matrices. The observed correlation is significant if it is an outlier in the empirically derived distribution. The proportion of correlations larger than or equal to the observed correlation estimates is its P-value. A conservative significance threshold of 0.01 was chosen to avoid inflating the probability of type I errors in multiple tests.
The correlation between matrices of shape distances and the matrix of genetic distances can be influenced by the error in the estimate of species mean shapes (Cole et al., 2002; . To estimate this source of uncertainty, we used a bootstrap procedure (Cole et al., 2002; Caumul & Polly, 2006; in press a). Thus, we randomly selected with replacement k individuals from each of the original species samples (where k is the number of specimens in the sample). Each bootstrapped sample was Procrustes superimposed and a new mean calculated. The resulting 15 bootstrap species mean shapes were themselves superimposed and the corresponding matrix of Procrustes distances computed. This was repeated 100 times, thus obtaining 100 Procrustes distance matrices of bootstrap mean shapes. Eventually, the correlation between each of the 100 Procrustes distance matrices and the matrix of genetic distances was computed. The dispersion of the distribution of correlation coefficients generated by the bootstrap procedure measured the precision (repeatability) of the observed coefficient. Precision was here defined as in Cole et al. (2002) as the correspondence between multiple sets of bootstrap samples taken from the same original sample. Thus, the SD of bootstrap correlations was calculated and used as an estimate of the SE of the observed matrix correlation.
The Mantel test compares the observed correlation against the null hypothesis that there is no relationship between two distance matrices. However, we may also want to know the probability of getting a matrix correlation as large as or larger than the one observed for a FDM described by q landmarks, if the same number of landmarks had been randomly selected from the original configuration of 86 landmarks. This tests the hypothesis that the phylogenetic signal is randomly distributed over the entire skull instead of being specific to a FDM. Thus, we randomly selected q landmarks from the original configuration of species mean shapes, performed a Procrustes superimposition, computed the matrix of Procrustes shape distances, and calculated its correlation with the genetic distances. This was repeated 1000 times to generate an empirical distribution of matrix correlations for random subsets of q landmarks. The observed correlation was significant if it was an outlier in the empirically derived distribution. This test was performed on FDMs with a significant matrix correlation in the Mantel test (i.e. those which putatively had a strong phylogenetic signal). As before, a conservative significance threshold of 0.01 was chosen. For brevity, we refer to this test as the test for matrix correlation in random subsets of landmarks.
Finally, the FDM with the strongest phylogenetic signal (largest significant matrix correlation) was used for reconstructing interspecific relationships. Phenetic relationships were summarized using a cluster analysis on the matrix of mean shape Procrustes distances. Different clustering algorithms were applied to the matrix of Procrustes shape distances (UPGMA, unweighted pair-group method using arithmetic average; UPGMC, unweighted pair-group method using centroid average; WPGMA, weighted pair-group method using arithmetic average; WPGMC, weighted pair-group method using centroid average). The goodness of fit of a cluster analysis was measured by the coefficient of cophenetic correlation. This was computed as the matrix correlation between the original distance matrix and the matrix of distances (cophenetic) based on the tree topology (Rohlf, 1970) . Clustering algorithms were compared and the one with the highest coefficient of cophenetic correlation was chosen.
Phylogenetic relationships were estimated using two different algorithms. The first one was a maximum-likelihood (ML) method for quantitative traits that does not assume equal rates of change and treats shape variables as separate characters, optimizing the tree across them all (Felsenstein, 2004a) . This method assumes a Brownian motion model of evolution, which is often appropriate for shape variables (Polly, 2003 (Polly, , 2008 Caumul & Polly, 2006) and uncorrelated characters. This second assumption was met by using the scores of the principal components of the mean shape variables standardized to a mean of zero and variance equal to the proportion explained by the corresponding vector (Polly, 2008) . Principal components were computed in NTSYSpc (Rohlf, 2005) and the CONTML module of PHYLIP, version 3.65 (Felsenstein, 2004b ) was used for building the ML trees (options: input order of species randomized; ten global rearrangements). A second phylogenetic reconstruction was performed using a Neighbour-joining (NJ) algorithm in NTSYSpc (Rohlf, 2005) . The NJ method was originally developed by Saitou & Nei (1987) for estimating phylogenetic trees from distance matrices by finding the pairs of taxa that minimize the total branch length at each stage of clustering (thus, having some relation to the criterion of minimum evolution; Felsenstein, 2004a) . NJ is a clustering algorithm, like UPGMA and similar methods, but is aimed at phylogenetic reconstruction, allows outgroup rooting and has already been applied to matrices of Procrustes shape distances in other studies (Polly, 2001; Lockwood et al., 2004) . As for the phenograms produced by cluster analyses, the goodness of fit of the two methods was measured using their coefficients of cophenetic correlation (Polly, 2001) . Phylogenetic trees were outgroup-rooted using Allenopithecus nigroviridis, traditionally considered a basal lineage in the cercopithecine radiation (Disotell, 2000) .
After having selected the tree building algorithms (phenetic and phylogenetic) with the highest correlation to the original matrix of shape distances (see above), the repeatability of the resulting tree topologies was estimated using bootstraps. Thus, bootstrap mean shapes were computed as explained above, and the matrices of Procrustes shape distances of bootstrap replicates used for building trees. The percentage of trees in which each observed node grouping appeared was reported. Nodes with low percentages were strongly affected by sampling error (Cole et al., 2002; Caumul & Polly, 2006; press b).
The same procedures described above for estimating the phylogenetic signal in shape were applied to centroid size. This was peformed because, even if size is generally considered to be more labile than shape, and thus unlikely to provide a strong phylogenetic signal, the potential for size to recover information on phylogenetic relationships cannot be excluded a priori.
RESULTS
SIGNIFICANCE OF THE PHYLOGENETIC SIGNAL
OF FDMS Matrix correlations between mean shape Procrustes distances and genetic distances are shown in Table 3 , together with the corresponding SE and P-values. The SE measures the precision of the observed matrix correlation. The P-value is the Mantel test of significance. Observed matrix correlations were plotted as a column histogram in Figure 3 .
The results for females and males were generally in good agreement. Matrix correlations within each set of FDMs can be summarized as:
1. All available information (skull shape): not significant; 2. Structural identity: mandible significant (P < 0.01); 3. Mode of ossification: chondrocranium significant (P < 0.01); 4. Epigenetic effects of soft tissues and teeth (a): not significant (cranial vault significant to P < 0.01 only in males); 5. Epigenetic effects of soft tissues and teeth (b): oral region of the cranium and vertical ramus of the mandible both significant to P < 0.01 (zygomatictemporal fossa significant to P < 0.01 only in males).
Overall, the chondrocranium had the highest matrix correlation regardless of sex (r > 0.6). The second highest matrix correlation was in different FDMs for females (mandible) and males (oral region of the cranium), each being 0.6-1.5 points lower than the chondrocranium. The SE varied across FDMs and tended to be larger in FDMs that described more local features. This was suggested by large and negative bivariate correlations between SE and average FDM centroid size (r females = -0.825; rmales = -0.895).
Mantel tests of significance were performed also for the correlations between the matrix of interspecific differences in mean FDM size and the matrix of genetic distances (Table 3 ). The phylogenetic signal in size was very weak in all FDMs and never reached statistical significance. Thus, size was not considered in further analyses.
The results of the test for matrix correlation in random subsets of landmarks are shown in Table 4 . This was a test for the probability that observed FDM matrix correlations, which were significant in the Mantel test, were no larger than expected by chance if the same number of landmarks had been randomly selected from the configuration of all skull landmarks. The chondrocranium had significant (P < 0.001) matrix correlations in both sexes. The oral region of the cranium and the mandible were also significant (P < 0.01), but only in females. Thus, only the chondrocranium was used to reconstruct interspecific relationships of guenons.
RECONSTRUCTIONS OF INTERSPECIFIC
RELATIONSHIPS BASED ON FDMS Among tree building algorithms (Table 5) , UPGMA performed best in both sexes. However, WPGMA did SKULL MODULE PHYLOGENETIC SIGNAL 821 almost equally well. Unsurprisingly, UPGMA and WPGMA tree topologies were virtually identical (data not shown). UPGMA phenograms for females and males are shown in Figures 4A and 5A , together with bootstrap proportions of node repeatability. The two main clades of the molecular phylogeny of Tosi et al. (2005) were correctly identified ( Figs 4D, 5D ). Thus, Cercopithecus aethiops, Cercopithecus lhoesti, and Erythrocebus patas, the terrestrial guenons, were discriminated from their sister clade of arboreal species, which includes all the other guenons except A. nigroviridis and Miopithecus. Beside differences in terminal branches, the most evident discrepancies between the phenograms of the chondrocranium and the molecular cladogram were the position of a member of the arboreal clade of Tosi et al. (2005) , (Table 3 ). *P < 0.01.
Cercopithecus hamlyni, close to A. nigroviridis, and the proximity of the terrestrial guenons to the cluster C. hamlyni-A. nigroviridis. Also, Miopithecus did not show strong similarities to any other guenon. Miopithecus was near the root of the tree in the molecular phylogeny of Tosi et al. (2005) . Repeatability was generally low with bootstrap proportions of node repeatability being on average 65.2% for females and 52.0% for males. However, clusters of terrestrial and arboreal species (C. hamlyni excluded) as well as the isolated Miopithecus were generally found in the majority of bootstrap replicate trees (repeatability Ն 86.0%, except for male terrestrial guenons). Surface rendering was used to visualize the main shape features of the chondrocranium of terrestrial and arboreal species, as well as those of the highly distinctive Miopithecus (Figs 4B, 5B) . One of the most evident differences was the relatively narrow cranial base of terrestrial guenons compared to the enlarged cranial base of Miopithecus. The apparently marked reduction in the proportion of the supraoccipital region in arboreal species actually reflects its more vertical orientation.
Phylogenetic relationships were reconstructed using ML and NJ algorithms. The goodness of fit of NJ, Neighbour-joining; ML, maximum likelihood; UPGMA, unweighted pair-group method using arithmetic average; UPGMC, unweighted pair-group method using centroid average; WPGMA, weighted pair-group method using arithmetic average; WPGMC, weighted pair-group method using centroid average.
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Figure 4. Guenon phenetic and phylogenetic relationships based on the shape of the female chondrocranium. A, unweighted pair-group method using arithmetic average (UPGMA) phenogram. B, surface rendering of the ventral view of the chondrocranium (variation magnified ¥ 2) for the terrestrial (*) and arboreal (**) clusters, and the highly distinctive Miopithecus (***); the chondrocranium landmark configuration is also shown at the bottom. C, Neighbour-joining (NJ) phylogenetic tree. D, molecular phylogenetic tree (Tosi et al., 2005; redrawn) . Bootstrap proportions of node repeatability (shown in bold if >50%) are shown on UPGMA and NJ trees.
824 A. CARDINI and S. ELTON the phylogenetic reconstructions was compared using coefficients of cophenetic correlation (Table 5 ). The NJ algorithm performed better than the ML in both sexes. NJ cladograms for females and males are shown in Figures 4C and 5C , together with bootstrap proportions of node repeatability. As in the phenograms, clades of arboreal and terrestrial guenons were recognized well in the chondrocranium analysis. Arboreal and terrestrial clades were also correctly identified as sister groups in the female tree. Cercopithecus hamlyni was again outside the clade of arboreal guenons and close to the root of the tree. . Guenon phenetic and phylogenetic relationships based on the shape of the male chondrocranium. Terrestrial (*) and arboreal (**) clusters, and the highly distinctive Miopithecus (***). NJ, Neighbour-joining. UPGMA, unweighted pair-group method using arithmetic average.
Miopithecus females branched before the split of terrestrial and arboreal species, in good agreement with the molecular data, whereas males branched before the radiation of arboreal guenons. Compared to internodal distances, terminal branches were relatively long in both the terrestrial and arboreal clades, which is a pattern that bears some similarities to the molecular tree. As in the phenograms, bootstrap proportions of node repeatability were low (approximately 60% on average in both sexes), but consistently large (Ն 75%; Figs 4C, 5C) in the terrestrial and arboreal clades (with the exclusion of C. hamlyni and, possibly, Cercopithecus mona). In addition, a basal position of Miopithecus was found in most bootstrap replicate trees (repeatability Ն 77%).
DISCUSSION
The major question addressed in the present study was whether any functional or developmental region of the guenon skull contained a significant phylogenetic signal. This was examined through combining geometric morphometrics and phylogenetics, and applying the 'hierarchical modular approach' previously used in evo-devo studies of morphological integration. Modularity is a central concept in evolutionary developmental biology. It can be seen as a manifestation of integration whenever integration within parts of a structure is stronger than among them. Wagner (1996) pointed out that modules may originate as semiautonomous parts of an organism, as distinct components of genetic networks, or as a set of traits covarying because of genetic pleiotropy and developmental interactions. Hallgrímsson et al. (2007) argued that integration in the skull is produced by a limited number of key developmental processes but also warned that '. . . patterns of phenotypic integration have a complex and sometimes indecipherable relationship to the underlying variational modularity that generated them'. Thus, they suggested that additional information, which can be obtained by studying the consequences of known developmental perturbations, may be needed to test hypotheses about the developmental determinants of modularity. Mesenchymal differentiation, cartilage and brain growth, and muscle-bone interactions may differentially affect cranial structures and generate covariance. As some, but not all, of the most important covariance generating processes in the mammal skull, they represent the main criteria used in our study to define FDMs. Other processes that may have an important role in this context (e.g. neural crest migration and proliferation) are listed and briefly reviewed by Hallgrímsson et al. (2007) . Neither our set of criteria for defining a priori FDMs, nor those in the list of Hallgrímsson et al. (2007) are exhaustive and tend to oversimplify the ontogeny of a complex structure like the skull. For example, if the embryologic origin of cells, from which cranial bones develop, had been included in our study as a criterion for defining FDMs, modules could have been defined that separate the frontal and parietal bones. This is because the former have been reported to be of neural crest origin (diencephalic/anterior mesencephalic) and the latter of mesodermal origin, with other bones such as the squamosal, alisphenoid, and pterygoid showing a mixed contribution from different rhombencephalic neural crest populations (Santagati & Rijli, 2003) . Furthermore, as far as regions that originate from neural crest cells are concerned, uncertainties remain about whether the fate of those cells might reflect developmental instructions intrinsic to the neural crest and fixed before migration or neural crest cells might be instructed by surrounding tissues during or after migration; accumulating evidence indicates that the truth may lie somewhere between these two models (Pasqualetti & Rijli, 2002; Santagati & Rijli, 2003) . Thus, the choice of criteria for defining modules and our imperfect knowledge of main processes involved in the development of the mammal skull may lead to define FDMs different from those used in our study and previous studies on modularity in primates (Cheverud, 1995 (Cheverud, , 1996 Ackermann & Cheverud, 2000; Hallgímsson et al., 2004) .
FDMs that are clearly defined may be used to generate testable predictions (Lieberman, Ross & Ravosa, 2000) , which can be modified later as comparative analyses and experimental studies to provide a better knowledge of the mechanisms which control the development of the skull. Thus, the way that we used a priori modules to test the strength of the phylogenetic signal is not meant to provide an exhaustive analysis of skull modularity in relation to phylogeny, but it is an example of how we can gain a better understanding of the phylogenetic signal in animal morphology by using a developmental framework to test hypotheses.
THE CHRONDROCRANIUM AS A SOURCE OF PHYLOGENETIC INFORMATION
All analyses in the present study strongly suggested that a significant phylogenetic signal was present in chondrocranial shape. This FDM produced distance matrices that had the highest correlation with genetic distances, was significant in all tests, and contained enough phylogenetic information to discriminate the two major clades in the guenon radiation. No other FDM performed better, and the same pattern was consistently found in both females and males. That the chondrocranium performs well as an indicator of 826 A. CARDINI and S. ELTON phylogenetic relatedness was unexpected, as a previous analysis of guenon skulls showed that clusters of species had more to do with size groups (i.e. small, medium, large, and very large) than with clades (Cardini & Elton, in press a) . This observation clearly raises the issue of whether there is a plausible biological explanation as to why a relatively simple region like the chondrocranium gives more information about phylogeny than the skull as a whole.
There is growing support in the literature for the concept that the cranial base as well as other cranial regions, such as the temporal (Lockwood et al., 2004) , that include endochondral bones might reflect phylogeny better than do other parts of the skull. Lieberman et al. (2000) observed that the cranial base plays a key role in helping to spatially and functionally integrate different patterns of growth in various areas of the skull (brain, eyes, nasal cavity, oral cavity, pharynx), and revived the hypothesis (Olson, 1985; Shea, 1985 Shea, , 1988 Lieberman et al., 2000) that the cranial base might be a more reliable indicator of phylogenetic relationships than are the face and cranial vault. Basicranial bones develop from cartilaginous precursors, so might be less sensitive to nongenetic factors (such as the mechanical forces of mastication) than are the bones of the cranial vault and face (Lieberman et al., 2000) . In addition, as the cranial base is the first skull region to reach adult size, it is probably the area that is least affected by the growth of other parts of the skull (Lieberman et al., 2000) . One consequence of these factors could be that, within the skull, the cranial base is most likely to have the strongest phylogenetic signal (Lieberman et al., 2000) . However, previous analyses that compared inferences based on basicranial characters with those from the face or the cranial vault did not yield substantial differences (Lieberman et al., 1996) . The importance of rigorously testing hypotheses on phylogenetic information of different sets of morphological characters using taxa with known molecular phylogenies has therefore been stressed (Lieberman et al., 2000) . Our study of guenon skulls does precisely this.
At least one other primate study has highlighted the potential utility of parts of the skull that contain endochondral bones when reconstructing phylogeny. Lockwood et al. (2004) digitized three-dimensional landmarks on the hominoid temporal bone and, as in the present study, applied a NJ algorithm to the matrix of mean shape Procrustes distances to build a phylogenetic tree. When analyses with separate sexes were undertaken, similar patterns in females and males were found, and their trees corroborated the molecular consensus on African ape and human phylogeny by strongly supporting a Pan-Homo clade. This result is in striking contrast to the incongruencies found in previous studies of cranial characters (Collard & Wood, 2000 . The success of the temporal bone analysis could be attributed to the accuracy of geometric morphometric data, the use of distance-based methods (as opposed to transformation of continuous characters into meristic ones), or the low level of homoplasy of the temporal bone because of the multitude of independent factors (including brain size and cognition, mastication, hearing, and posture) that might influence it (Lockwood et al., 2004) . Further work is therefore required to explore whether the contrast between the results of Lockwood et al. (2004) and Collard & Wood (2001) is due to the utility of endochondral regions (because the latter did not focus on the cranial base alone), or whether it is because of methodological differences related to data collection, character coding, and tree building.
RETENTION AND LOSS OF PHYLOGENETIC SIGNAL IN MORPHOLOGY: EVOLUTIONARY SCENARIOS
The present study strongly supported the hypothesis that the chondrocranium has the potential to be highly informative for reconstructing phylogenies, but several differences are evident when trees from chondrocranium shape are compared with the molecular cladogram. These can be interpreted in the context of various scenarios (Cole et al., 2002; Macholán, 2006 ) that explain the retention or loss of the phylogenetic signal in morphology. These include stochastic evolution, selection when lineages split to enter new adaptive zones, asymmetric adaptive shifts that result in convergence and homoplasy, 'star radiation', whereby multiple adaptive speciation occurs rapidly by the root of the tree, and speciation events within the same adaptive zone (Cole et al., 2002; Fig. 6) . Two scenarios, 'star radiation' (Fig. 6D) and speciation within the same adaptive zone (Fig. 6E) , do not appear to be compatible with any of the tree topologies from the chondrocranium, which consistently show at least one main dicotomy separating arboreal and terrestrial guenons. A further scenario, of stochastic evolution driven by genetic drift (Fig. 6A) , is unlikely when the interspecific patterns recovered from the guenon chondrocranium are considered. Had divergence been a simple function of time subsequent to the last common ancestor, as implied by this scenario, we should have had a much stronger phylogenetic signal in the terminal branches of our trees, which were instead largely incongruent with the molecular phylogeny. By contrast, the scenario covering selection when lineages split to enter new adaptive zones (Fig. 6B ) may be consistent with patterns for the arboreal and terrestrial clades. The phylogenetic signal in the chondrocranium discriminated these two major radiations, SKULL MODULE PHYLOGENETIC SIGNAL 827 but did not work within clades. This may be due to lineages crossing evolutionary paths within the constrained boundaries of their (terrestrial or arboreal) adaptive morphospace. Polly (2008) suggested that adaptive zones may act as a loosely constrained Ornstein-Uhlenbeck process, where stabilizing selection acts on phenotypes as if they were balls bound to an elastic band (Felsenstein, 1988) . Thus, within populations, shapes wander back and forth on an adaptive peak with natural selection pulling them back towards the local optimum. The phylogenetic signal is likely to be erased by these evolutionary vagaries within a narrow region of morphospace (Polly, 2004 (Polly, , 2008 . Morphological convergence (Fig. 6C) does not appear to be very strong in the chondrocranium. However, it is likely to have occurred in the guenon skull as a whole, where major shape clusters largely mirror interspecific differences in size (Cardini & Elton, in press b) . Having shape similarities in skulls of similar size suggests a role for allometry in the evolution of guenon morphology. The chondrocranium, with its precocious development, is less affected by the growth of other parts of the skull (Lieberman et al., 2000) and thus potentially less strongly influenced by allometric changes.
Ecological pressures can act to significantly change morphology. There are numerous examples of this, but one of the most striking is seen in the pinnipeds. Part of the carnivore clade, the pinnipeds evolved very distinctive shapes, which are difficult to associate with those of their closest relatives, by escaping the boundaries of their ancestral terrestrial adaptive zone (Polly, 2008) . A less dramatic, but nonetheless analogous, process might have occurred in guenons. In our guenon sample, the shape of the chondrocranium of Miopithecus was highly distinctive. This strong autoapomorphism may be related to its ancient evolutionary origin, some 8.6 Mya, according to the molecular clock of Tosi et al. (2005) . It is, however, not unlikely that the 'aberrant' (Verheyen, 1962) shape of Miopithecus may have arisen as a by-product of a strong reduction in size driven by ecological divergence. The ecological conditions under which selection for small body size occurred in Miopithecus are still largely unexplored. Dietary adaptation might be one explanation, given the observation that over one-third of the talapoin diet comprises insects (Gautier-Hion, 1978) , and the expectation that insectivorous primates are considerably smaller than those that are frugivorous or folivorous.
Cercopithecus hamlyni, which probably diverged around 4.6 Mya (Tosi et al., 2005) , is another guenon species that showed a marked departure from expectations of shape differences based on molecular data. This species was clearly different to other arboreal guenons but bore some resemblance to A. nigroviridis. Morphological convergence through similarities in ecology might explain this but, at present, this cannot be ascertained because too little is known about the ecology of C. hamlyni, whose present populations are mostly restricted to a small number of mountain forests in eastern Congo.
REPRODUCIBILITY OF RESULTS
One critical issue in reconstructing phylogeny is whether it is reproducible. We addressed this issue by bootstrapping species samples to estimate the error in mean shapes and its effect on matrix correlations and tree topologies. Large errors can be expected when within-species variation is high relative to between-species variation, and also when sample sizes are small (Caumul & Polly, 2006) . By using repeated randomized selection experiments in a large sample of C. aethiops, we have shown that the error in the mean shape for samples of ten individuals can be, on average, as large as 37% of the interspecific distance between the mean shapes of C. aethiops and Cercopithecus mitis . In the present study, our sample size was Ն 34 on average, which is larger than in most Figure 6 . Scenarios of form evolution (modified from Cole et al., 2002) . A, stochastic evolution with differences among lineages proportional to the time elapsed since their origin. B, colonization of new adaptive regions with further evolution occurring within the boundaries of each region. C, asymmetric adaptive shift with taxon B evolving similar form to taxon C due to convergence. D, 'star radiation' with rapid and multiple speciation events at the origin of the clade. E, speciation within the boundaries of a single adaptive zone (stabilizing selection; a similar pattern can be used to describe a scenario of evolutionary lability but fluctuations of form will then span a larger range of the morphospace).
taxonomic studies on mammals. However, even with this reasonable sample, the sampling error accounted for appoximately 7-8% (100 ¥ SE/rmatrix) of the observed correlations between matrices of shape distances and the genetic distance matrix. Bootstrap proportions of node repeatability were lower than 70% in 50-70% of tree nodes. These findings were consistent with observations on marmots (Caumul & Polly, 2006) , as well as in our previous work on guenons (Cardini & Elton, in press b) , and strongly suggest that morphological analyses of closelyrelated species should always provide an estimate of the effect of sampling error.
The estimation of sampling error produced a second interesting outcome. On the whole, configurations of less than 20 landmarks (such as those describing local aspects of the skull like the chondrocranium or oral regions) had SE of matrix correlations two-fold greater than those observed in the regions with configurations exceeding 30 landmarks (e.g. the face and dermatocranium). Measurement error tends to be relatively larger in smaller structures (Polly, 1998) and, as strongly suggested by the large negative correlations between SE and FDM size in the present study, this also affects mean shapes. Thus, the chondrocranium had the strongest phylogenetic signal but it was also one of the FDMs with the lowest reproducibility. If this is a general finding, the potential of localized anatomical regions to provide 'good' phylogenetic characters is unlikely to be realized unless errors in means can be controlled by reducing measurement error and increasing sample size.
The reproducibility of results can also depend on the choice of landmarks used to capture the shape of a FDM. Lockwood et al. (2004) and Couette, Escarguel & Montuire (2005) addressed this issue by bootstrapping shape variables. This is the most widely used test for the effect of character sampling on tree topologies in cladistic analyses of meristic characters. However, Caumul & Polly (2006 : 2464 observed that, when estimating the support for the nodes in a tree using 'ordinary phylogenetic data, the characters are sampled with replacement to generate a new dataset [but] for morphometric data, the characters are scores whose values depend on the ordination of the mean shapes'. Without discussing if and to what extent bootstrapping shape variables might be (in)appropriate, we suggest an alternative procedure, also borrowed from the cladistic literature (Felsenstein, 2004a) and easily applicable to geometric morphometric data. A jack-knife procedure can be applied to the matrix of landmark coordinates in order to produce replicate landmark configurations where different 'bits' of information are excluded from the analysis. Thus, one at a time, each landmark (more precisely its x, y, and z coordinates) is excluded, the species mean shapes are Procrustes superimposed, and a matrix of pairwise Procrustes distances is computed. This is repeated as many times as the total number of landmarks in the original configuration. The corresponding matrices of variables or distances are then used for tree building. The proportions of clusters found in the jack-knife replicate trees are the estimates of the 'character' (i.e. landmark configuration) support of tree nodes. Had this been applied to the guenon chondrocranium, the 'character' support would have been, on average, approximately 20% higher than our bootstrap proportions of node repeatability. Random replacement of shape coordinates, as in the bootstrap procedure used in other studies, is very likely to produce results similar to our jack-knife procedure. Indeed, as was the case in our jack-knife example, both Lockwood et al. (2004) and Couette et al. (2005) found very high percentages of tree node support. Although we do not argue against the utility of estimating uncertainties in tree nodes due to 'character sampling' (which we would do, however, using a jack-knife when applied to shape coordinates), we do suggest that the effects of sampling error should also be estimated. Since this could be large (Cole et al., 2002; Caumul & Polly, 2006; , its consequences could potentially be more profound than those due to uncertainties in 'character sampling'.
HOW MUCH INFORMATION TO USE?
Another pressing issue when reconstructing evolutionary relationships using phylogenetic analysis is determining the 'optimal' amount of information to include. Polly (2001) argued by analogy with molecular data that homoplasy was less likely to confound the phylogenetic signal in morphological features that contained more information by virtue of complexity. This view is reminiscent of a point made by Felsenstein (1988) in his seminal study of phylogeny and quantitative characters. Although Felsenstein discusses various problems that are encountered when using morphometric data for inferring phylogenies, he also states that the phylogeny will converge on the correct one if enough characters are accumulated whose correlation is, on average, low (Felsenstein, 1988: 460) . Finding characters that are are mostly uncorrelated is not an easy task but it does appear at times that increasing the amount of information available for phylogenetic inference may indeed be beneficial. In a summary of results from several studies of primate bone morphology, Oxnard (2000) observed that morphometric comparisons of individual skeletal units (such as arms, limbs or teeth) tend to produce SKULL MODULE PHYLOGENETIC SIGNAL 829
clusters that indicate functional convergences of anatomical parts. By contrast, when variables from different anatomical regions are combined in a single analysis, separations of species mostly reflect evolutionary relatedness. Oxnard (2000) explained these results using a simple model whereby functional and phylogenetic components of morphology (and also their interactions) are described in terms of units of information. Phylogenetic information within a structure is relatively small and its signal tends to be overcome by function. However, when several structures are analysed together, the functional units are unlikely to provide a signal in a consistent direction because functions tend to be different. By contrast, as the phylogenetic units all give a similar indication of evolutionary relatedness, their contribution becomes proportionally larger, and phylogenetic groups emerge (Oxnard, 2000) .
Other studies (Lieberman et al., 1996 (Lieberman et al., , 2000 Lockwood et al., 2004) have not echoed the confidence shown by some workers in adding more information to increase the strength of the phylogenetic signal from morphology. The results obtained by Caumul & Polly (2006) did not indicate that more complexity provides better phylogenies; in their study, the simple outline of molar teeth performed better than the mandible. It has also been argued that anatomical regions that are thought to be more heritable and less influenced by epigenetic responses to external stimuli should be targeted, and their phylogenetic signal tested against known molecular phylogenies ( Lieberman et al., 1996 Lieberman et al., , 2000 Lockwood et al., 2004) , with Lockwood et al. (2004) finding a strong phylogenetic signal in a relatively small region of the skull. Traits with high heritability are also highly susceptible to selection and therefore may be more likely to show convergence or parallelism. However, it is possible that traits showing high heritability and small changes in relation to external stimuli are not highly plastic and therefore their shape does not depend strongly on individual life events.
The main outcome of the present study (i.e. that the chondrocranium performs particularly well in phylogenetic reconstruction) is largely in agreement with the notion that 'bigger' (specifically, more complex) is not necessarily 'better'. None of the FDMs with the largest amount of information (skull, cranium, dermatocranium, face) had a phylogenetic signal stronger than the chondrocranium. Thus, dissecting complex anatomies into simpler units may sometimes help phylogenetic reconstructions. This notwithstanding, the issue of reproducibility discussed above must be seriously considered when focusing on a smaller region like the chondrocranium. Doing so might increase the chances of detecting a phylogenetic signal, but it is also likely to reduce the reproducibility of results. In the present study, FDMs which describe local features not only had larger SE of matrix correlations, but also smaller bootstrap proportions of node repeatability (data not shown). Similarly, Caumul & Polly (2006) obtained average bootstrap proportions of 56.5%, 52.8%, and 39.0% for the cranium, mandible, and molars, respectively. Thus, a similar trend of larger errors in smaller/less complex structures was found in studies of monkeys and marmots. If this is a general finding, its direct implication is again that the applicability of the use of FDMs such as the chondrocranium for phylogenetic inference in closely-related taxa may be limited by measurement and sampling errors.
CONCLUSIONS
Four main conclusions can be drawn from our study. The first is that the chondrocranium might be less susceptible to epigenetic factors and thus more informative about phylogeny than are other parts of the skull, at least in guenons. Whether this holds for other primates or orders of placental mammals needs to be investigated. Among primates, papionins offer an excellent model for further tests, as they are the sister group of guenons and have a well supported molecular phylogeny at the genus level. That previous morphological studies failed to detect a strong phylogenetic signal (Collard & Wood, 2000 serves to increase their utility for such a test, as further research might help to determine whether the choice of method used to collect data and subsequent character coding impacts significantly upon the success of the phylogenetic reconstruction. Second, although it has been suggested that complex morphologies have greater potential to reveal phylogeny than simpler structures (Felsenstein, 1988; Polly, 2001) , there is no evidence to support this in the current study of guenons. However, sampling error tends to be larger in smaller/less complex structures, a finding that is supported by analyses of species from different orders of mammals. If confirmed in other groups, the utility of less complex regions, such as specific FDMs, for phylogenetic inference may be hampered by the low repeatability of results. This links closely to a third finding, that sampling error strongly affects phylogenetic reconstructions. Since uncertainties in tree topologies due to sampling error can be larger than those due to character sampling, we argue that estimates of sampling error should always be provided in phylogenetic analyses of form. Finally, using results from the analysis of the chondrocranium and comparing tree topologies from morphological and molecular data in the context of different evolutionary sce-narios, we suggest that the main morphological differences in guenons evolved at the time of the divergence between the terrestrial and arboreal clades. Further morphological evolution probably occurred within the narrow boundaries of the adaptive zone of each clade, where lineages cross their evolutionary paths and thus erase the phylogenetic signal among closely-related species. Our analysis therefore exemplifies how studying the potential of different skull modules as proxies for phylogenetic divergence in modern lineages may provide a framework for modelling the morphological evolution of present and fossil species.
Precision of centroid size was estimated by computing the coefficient of variation (100 ¥ SD/mean) of the six repetitions of each specimen. The coefficient was always < 0.2%.
An estimate of the precision comparable to those of traditional caliper measurements was obtained by considering inter-landmark distances. All possible (3655) inter-landmark distances were computed and coefficients of variation were calculated for every specimen and each inter-landmark distance. The average of these coefficients was 1.3%.
MISSING LANDMARKS
Missing landmarks were estimated using the species average (separate sexes) for the missing coordinates after registration (Slice, 1999) . The accuracy of missing landmark estimates was tested by simulating predictions of missing landmarks in intact specimens of C. aethiops.
The average number of missing landmarks per specimen with missing landmarks was < 2. Overall, the percentage of estimated landmarks (relative to the total number of 96 836 landmarks in the sample) was 0.12%.
The accuracy of the prediction was tested in C. aethiops including only intact specimens sensu Cardini & Thorington (2006) . In this sample, approximately 20% of the specimens were randomly selected and the coordinates of one to six landmarks of each of these specimens deleted 'simulated' missing landmarks approximately mirrored the distribution of missing landmarks in the sample used for analysis (e.g. if L78 was missing in approximately 3% of the specimens in the original sample, L78 was deleted in approximately 3% of the intact specimens). Simulated missing landmarks were estimated using separate means of females and males. The matrix of shape distances described the phenetic relationships among all the specimens, including those with estimated missing landmarks. These were compared to the relationships described by the matrix of shape distances for the same specimens using the original landmark coordinates (intact specimens). The correlation between the matrices was Ն 0.997. This indicates that the relative position of the specimens in the shape space is virtually identical in the two samples ('simulated' and intact) . This observation is supported by a cluster analysis on the matrix of shape distances of all specimens ('simulation' and 'real' samples), which produced a phenogram where each specimen clustered with the corresponding one with estimated missing landmarks (data not shown).
The shape distance between a specimen with simulated missing landmarks and the original intact specimen measures the magnitude of shape differences due to the error in the estimate of missing landmarks. The average shape distance between any pair of specimens in the intact samples of females (or males) of C. aethiops measures the average magnitude of shape differences in females (or males) of this species. The ratio of the average 'intact-to-simulated' shape distance to the average shape distance was Յ 0.11. Thus, the error of the missing landmark estimate relative to the average shape differences in C. aethiops was small.
In addition, a simulation was run to test the effect of missing landmark estimates on the analysis under more extreme conditions. Only half of the intact C. aethiops specimens were used and one to six landmarks were deleted in 50% of them. Even when calculated in this way, the correlation between shape distance matrices of samples with simulated and intact specimens was Ն 0.992 and the ratio of shape distances ('intact-to-simulated' divided by average PRD of a species) was Յ 0.12.
The error in the size of specimens with estimated missing landmarks was, in all simulations, less than 1 mm (maximum absolute difference between estimated and measured size). This was less than 0.4% of the centroid size of the smallest specimen in the C. aethiops sample.
The percentage of specimens with missing landmarks in a species (separate sexes) was generally smaller than in any of the C. aethiops simulations. Thus, the error introduced by estimating missing landmarks should not exceed that measured in the C. aethiops simulations. Examination of PC scatterplots and phenograms (separate sexes) indicated that, across all species, none of the specimens with estimated missing landmarks was an outlier.
The inclusion of specimens with few missing landmarks allows sample size to be increased. Since the number of estimated missing landmarks was very small, this had no appreciable effects on the analysis.
